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ABSTRACT: In this work, mid-infrared (mid-IR), far-IR, and
Raman spectra are presented for the distinct (meta)stable phases
of the ﬂexible metal−organic framework MIL-53(Al). Static
density functional theory (DFT) simulations are performed,
allowing for the identiﬁcation of all IR-active modes, which is
unprecedented in the low-frequency region. A unique vibrational
ﬁngerprint is revealed, resulting from aluminum-oxide backbone
stretching modes, which can be used to clearly distinguish the IR
spectra of the closed- and large-pore phases. Furthermore,
molecular dynamics simulations based on a DFT description of
the potential energy surface enable determination of the
theoretical Raman spectrum of the closed- and large-pore phases
for the ﬁrst time. An excellent correspondence between theory
and experiment is observed. Both the low-frequency IR and Raman spectra show major diﬀerences in vibrational modes between
the closed- and large-pore phases, indicating changes in lattice dynamics between the two structures. In addition, several
collective modes related to the breathing mechanism in MIL-53(Al) are identiﬁed. In particular, we rationalize the importance of
the trampoline-like motion of the linker for the phase transition.
1. INTRODUCTION
Metal−organic frameworks (MOFs) are an emerging class of
porous crystalline materials consisting of metal-oxide clusters
connected through organic linkers.1−3 The relatively easy
synthesis procedure as well as the enormous number of
existing4 and hypothetical5 MOFs make them promising
materials for future industrial applications. Examples of such
applications can be found in the ﬁelds of heterogeneous
catalysis6 and gas separation,7 in which porous materials are
ubiquitous. However, the chemical versatility of MOFs also
allows for their use in applications such as drug delivery,8
lighting,9 and chemical sensing.10 An important subclass of
MOFs consists of ﬂexible MOFs,11 some of which can undergo
a phase transition upon external stimuli. This behavior is called
breathing when the phase transition induces a drastic change in
unit cell volume.11,12
A prototypical example of a breathing MOF is MIL-53(Al),
ﬁrst synthesized by Feŕey and co-workers.13 The structure is
composed of inﬁnite chains of corner-sharing AlO4(OH)2
octahedra connected through 1,4-benzenedicarboxylate linkers,
which results in 1D diamond-shaped channels. After activation,
MIL-53(Al) was originally reported to occur in two diﬀerent
phases. The low-temperature phase represents a narrow-pore
structure containing adsorbed water molecules and has a
monoclinic crystal system. The high-temperature phase has a
much larger pore volume without guest molecules and is
orthorhombic. In the following, both phases will be indicated
by NP-h and LP, where the abbreviation is used for the narrow-
and large-pore phases, respectively, and the suﬃx h refers to
hydration. Transitions between the two phases can be induced
by adsorption and desorption of guest molecules,14 and at ﬁrst
it was believed that the presence of guest molecules is essential
to observe the phase transition in MIL-53(Al). However, Liu et
al.15 reported that under vacuum a third phase of MIL-53(Al) is
present, which exhibits the same monoclinic structure as the
NP-h phase but with a slightly smaller pore volume and in
absence of guest molecules. Therefore, we will refer to this
phase as the closed-pore (CP) phase. It was shown that
reversible transitions between the diﬀerent phases of MIL-
53(Al) occur not only under the inﬂuence of guest
adsorption,16 but also by changing the temperature15,17,18 or
by applying pressure.19 As a consequence, the origin of
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breathing in MIL-53(Al) cannot solely be explained by the
presence of guest molecules, but it is also an intrinsic property
of the framework.20 We remark that, depending on the source,
diﬀerent nomenclatures are used to represent the various
phases. In Figure 1a, we provide an overview of the diﬀerent
phases of MIL-53(Al) with the nomenclature adopted in this
work.
To understand the ﬂexibility of breathing MOFs on a
molecular scale, vibrational spectroscopy can be used to
characterize the diﬀerent phases as it provides a ﬁngerprint of
the structure.22,23 In the past, several experimental inves-
tigations using infrared (IR) or Raman spectroscopy have been
performed on materials of the MIL-53 family in order to reveal
the vibrational spectra of the CP, NP-h, and LP
phases.13,14,17,24−32 The reported results were mostly limited
to the mid-IR range (400−4000 cm−1). From these studies,
diﬀerences between the NP-h and CP spectra were assigned to
spectral bands of the adsorbed water molecules and shifts of the
stretch and bend modes of the hydroxyl group.13,17,29 The
vibrational spectra of the CP and LP phases diﬀered mainly
because of spectral shifts, of which the shift of the ν18a ring
mode14,29,31 appeared to be the most prominent one. Here, we
adopt the nomenclature on aromatic ring vibrations as
introduced by Wilson.33 The spectral bands in the mid-IR
range belong to vibrations of speciﬁc functional groups within
the structure, and their shifts do not provide much insight into
the breathing phenomenon. To improve the understanding of
the mechanisms resulting in the phase transition, it is necessary
to study the collective dynamics of the structure with
corresponding vibrational modes in the far-IR region,22 which
presents several challenges.
A ﬁrst challenge that arises is the diﬃculty of experimentally
obtaining a high-quality IR spectrum (high signal-to-noise
ratio) in the far-IR range. Recent studies of far-IR spectra of
MOFs22,23,32 beneﬁted from the high brilliance of synchrotron
sources to improve signal intensity in the far-IR, where
absorption by ambient atmosphere is very strong. The far-IR
spectrum of MIL-53(Al) has recently been explored by means
of specular reﬂectance spectroscopy using synchrotron
radiation.32
A second challenge concerns the microscopic identiﬁcation
of certain low-frequency modes. This is not straightforward as
these modes no longer originate from known localized
vibrations of functional groups. Therefore, computer simu-
lations are necessary to elucidate the modes in the far-IR
range.22,23 Although a lot of theoretical research has been
performed on MIL-53, computational studies regarding the IR
spectra of the structure are less numerous,29,32 and a simulated
Raman spectrum has, to the best of our knowledge, not been
reported.
In this work, we use Fourier transform infrared (FTIR) and
Raman spectroscopy to investigate the complete (mid- and far-
IR range) vibrational spectrum of the diﬀerent phases of MIL-
53(Al). Figure 1b shows a schematic representation of the
applied experimental techniques with respective spectral ranges.
By application of both static and dynamic ab initio calculations,
we obtain the corresponding theoretical IR and Raman spectra.
Excellent agreement between experimental and simulated
spectra is observed, which allows for the identiﬁcation of all
optically active peaks in the range of 100−4000 cm−1. We
reveal a unique vibrational ﬁngerprint that distinguishes
between the CP and LP phase spectra. Furthermore, we
Figure 1. (a) Illustration of the diﬀerent crystal structures of MIL-53(Al) with corresponding unit cell volumes (volumes were taken from refs 18
and 21). (b) Schematic representation of the applied experimental techniques with respective spectral ranges that can be probed by these techniques.
Static and dynamic DFT simulations have been used to identify the observed IR- and Raman-active vibrational modes, respectively.
The Journal of Physical Chemistry C Article
DOI: 10.1021/acs.jpcc.7b11031
J. Phys. Chem. C 2018, 122, 2734−2746
2735
investigate the low-frequency modes of MIL-53(Al) in order to
elucidate the breathing mechanism in the structure.
2. EXPERIMENTAL DETAILS
The material synthesis and activation were carried out as
previously reported by Nevjestic ́ et al.21 In particular, a solvent
extraction method consisting of three steps was employed for
activation.34 First, a heating step at 425 K in dimethylforma-
mide in a Teﬂon-lined autoclave for 24 h was executed.
Afterward, the material was washed at 395 K in methanol for 72
h. A last step consisted of drying at 475 K for 2 h under
vacuum. With in situ powder X-ray diﬀraction as a function of
air pressure and temperature (see Figure S1 in the Supporting
Information) it was veriﬁed that the NP-h, CP, and LP phases
of MIL-53(Al) could be obtained in (nearly) pure form.
Nevertheless, obtaining a targeted and pure crystallographic
phase of MIL-53(Al) inside of a spectrometer remains a
challenging task. Therefore, recording the FTIR spectra of the
three phases (NP-h, CP, and LP) of MIL-53(Al) required
multiple setups and measurement modes, as schematically
shown in Figure 1b. The IR spectrum of the NP-h phase was
recorded in transmission mode with a Bruker Vertex 80v
vacuum FTIR spectrometer equipped with a DLaTGS detector,
a globar source, and a KBr or Mylar multilayer beamsplitter for
mid- or far-IR measurements, respectively. The transmission
spectra were obtained from pellet samples with less than 1 wt %
MIL-53(Al) powder diluted in KBr or polyethylene, which are
IR-inactive in the mid- and far-IR ranges, respectively. It was
veriﬁed that the inﬂuence of the matrix material on MIL-53(Al)
in the NP-h phase was negligible (see section S1.2 in the
Supporting Information). The spectra were recorded under
vacuum conditions (1−2 mbar) with a resolution of 0.5 cm−1,
accumulating 40 scans. While free-standing MIL-53(Al)
powder dehydrates fast under vacuum conditions, the sample
inside of the pellet remains hydrated because the out-diﬀusion
of water is hindered.
The IR spectrum of the CP phase could not be measured
completely in transmission mode because the presence of
polyethylene in the pellet signiﬁcantly aﬀects the far-IR
spectrum (see Figures S3 and S4 in the Supporting
Information). Therefore, the IR spectrum of the CP phase
was recorded in the attenuated total reﬂection (ATR) mode
using a single-bounce ATR accessory (PLATINUM ATR) with
a diamond crystal in the Bruker Vertex 80v FTIR spectrometer.
MIL-53(Al) powder was placed on top of the diamond crystal
and pressed by a small lever in order to provide good contact.
Afterward, the sample chamber was pumped to 1−2 mbar, and
IR spectra were recorded with a resolution of 1 cm−1,
accumulating 10−40 scans, depending on the quality of the
spectrum. An ATR correction was performed on the resulting
spectrum mainly to take into account the larger beam
penetration depth into the sample at lower frequencies.
Comparison of the corrected ATR IR spectrum of the CP
phase with the transmission spectrum in the mid-IR range
demonstrated a small shift in several peak positions, mainly
caused by the additional pressure delivered by the lever,
resulting in a slightly compressed structure in the ATR mode
(see Figures S5 and S6 in the Supporting Information).
The only practical way to obtain the LP phase is by heating
the sample above 370 K (see section S1.1 in the Supporting
Information). The lack of an in situ heating device for the
Bruker Vertex 80v FTIR spectrometer prohibited measure-
ments of the LP phase with this setup. Therefore, a Nicolet
6700 diﬀuse reﬂectance infrared Fourier transform (DRIFT)
spectrometer was used, equipped with a liquid-nitrogen-cooled
MCT-A detector, an ETC IR source, and a KBr beamsplitter.
The optics of the spectrometer limited the spectral range to
>600 cm−1, which made far-IR measurements impossible. The
powdered sample was prepared by diluting it in KBr and
placing it in a small cup inside of a Graseby Specac diﬀuse
reﬂectance cell with an external vacuum connection. DRIFT
spectra of the CP and LP phases were recorded with a
resolution of 2 cm−1, accumulating 1000 scans. The DRIFT
spectrum of the CP phase qualitatively matches the ATR IR
spectrum. However, due to the Kubelka−Munk transformation,
used to convert the DRIFT spectra to absorption spectra, slight
intensity diﬀerences between spectra obtained by DRIFT and
ATR IR exist (see Figure S5 in the Supporting Information).
The CP-to-LP transition was obtained by heating the sample to
400 K under vacuum conditions. It was veriﬁed that the
transformation had actually taken place by cooling the sample
under vacuum back to room temperature, after which the
spectral changes remained.
The Raman spectra were collected with a NXR FT-Raman
spectrometer equipped with an InGaAs detector, a KBr
beamsplitter, and a Nd:YVO4 laser with a wavelength of 1064
nm and a power of 2.5 W. During the experiments, the MIL-
53(Al) powder was kept in a glass ﬂask under vacuum
conditions. After recording the spectra for the CP phase, the
sample was heated to induce a transition to the LP phase. The
Raman spectra were measured in the frequency range of 150−
4000 cm−1 with a resolution of 2 cm−1, accumulating 500 scans.
3. COMPUTATIONAL DETAILS
Static and dynamic density functional theory (DFT) simu-
lations were performed on structures in the CP and LP phases
to determine the theoretical IR and Raman spectra of MIL-
53(Al). Theoretical IR and Raman spectra of the NP-h phase
were not calculated because the interactions of water inside of
MIL-53(Al) are complex35 and diﬃcult to deal with correctly
by DFT calculations.29 Static DFT simulations were executed
with the Vienna Ab initio Simulation Package (VASP)36 using
the PBE exchange-correlation functional,37 a projector-
augmented plane wave basis set38 with a cutoﬀ energy of 500
eV, and a Monkhorst−Pack k-mesh39 with 2 × 6 × 6 k-points
for the CP phase and 2 × 6 × 2 k-points for the LP phase.
Grimme’s D3 corrections with Becke−Johnson damping were
used to describe the long-range dispersion interactions.40,41
Initially, the structure was optimized by ionic relaxation using
the conjugate-gradient algorithm, allowing for changes in the
cell shape but keeping the volume ﬁxed. The ionic relaxation
was assumed to be converged when the change in the total
energy decreased below 10−7 eV between two ionic steps. The
lattice parameters of the optimized geometries of the CP and
LP phases are in good agreement with the experimental values
(see Table S1 of the Supporting Information). Moreover, we
obtain an energy diﬀerence between both phases of ΔELP−CP =
26.7 kJ mol−1 per unit cell at the PBE-D3(BJ) level of theory,
which falls in the range of the results obtained by Walker et al.20
The vibrational frequencies and corresponding IR intensities
of the optimized structures were calculated using density
functional perturbation theory (DFPT)42,43 and the Berry
phase approach.44,45 Both methods are incorporated in VASP
and calculate the Born eﬀective charge tensor and the
dynamical matrix at the gamma point. The DFPT method
uses linear response techniques to eﬃciently determine the
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required data, but these calculations have to be executed
without dispersion corrections. The Berry phase approach uses
ﬁnite diﬀerences to obtain the necessary tensors and can
include dispersion corrections, but it is computationally more
demanding. We have veriﬁed that both approaches give almost
exactly the same spectra (see Figure S7 in the Supporting
Information), which is why we opted for the computationally
cheaper DFPT method. From static DFT calculations, the
vibrational modes with their corresponding IR activity are
retrieved, but information on the bandwidth is not provided. In
order to facilitate comparison with the experimental spectra, we
applied a Lorentzian line shape with full width at half-maximum
(FWHM) of 10 cm−1 to all calculated delta peaks, which is a
common procedure in the literature.23
To investigate the eﬀect of temperature and anharmonicities
on the vibrational spectra of MIL-53(Al), ab initio molecular
dynamics (AIMD) simulations were performed using the CP2K
software with the DFT Quickstep module.46,47 Calculations
were executed at the PBE level of theory with Grimme’s D3
corrections.40 The Gaussian and plane waves (GPW) method
was used with atom-centered Gaussian orbitals complemented
with auxiliary plane waves. The Gaussian basis sets were of the
TZVP2 type for all atoms except aluminum, for which the
DZVP basis set was used. They were picked from the
MOLOPT basis set. The cutoﬀ for the auxiliary plane waves
was set at 400 and 600 Ry for AIMD simulations on the CP and
LP phases, respectively. The diﬀerence in cutoﬀ originates from
the computationally more expensive calculations for the CP
phase. In addition, GTH pseudopotentials48 were applied to
take into account the core electrons. The dynamic simulations
were executed in the NVT ensemble with cell shape and
volume ﬁxed at the optimized cell with VASP. Both the CP and
LP structures were equilibrated for 3 ps. The equations of
motion were evaluated with a time step of 0.5 fs, and total
simulation times of 10 and 20 ps were reached for the CP and
LP phases, respectively. The temperature of 300 K was
controlled by a Nose−́Hoover chain thermostat49−52 with
three beads and a time constant of 100 fs.
From an AIMD simulation, the IR spectrum can be
determined by taking the Fourier transform of the
autocorrelation function of the dipole moment.53 Therefore,
the dipole moment was calculated every 2.5 fs using the Berry
phase approach implemented in the CP2K code. As the
dynamic IR spectrum shows only minor diﬀerences with the
static IR spectrum, its discussion is found in section S3.1 of the
Supporting Information. Besides IR spectra, we also determined
Raman spectra from the MD trajectory. The calculation of the
Raman spectrum from an AIMD simulation occurs in an
analogous way as the calculation of the IR spectrum. It is
performed by adding Fourier transforms of autocorrelation
functions of the components of the polarizability tensor.53 Due
to the limited simulation time, these Fourier transforms could
only be executed on relatively small data blocks, limiting the
spectral resolution to 6.5 cm−1. One possible way to obtain the
polarizability tensor is by linear response techniques, but this
approach is computationally very intensive.54 Therefore, a faster
though less accurate method was employed, whereby an electric
ﬁeld was applied to each conﬁguration of the standard MD
trajectory. Three diﬀerent simulations were performed with an
electric ﬁeld of 257 MV·m−1 in each of the three Cartesian
Figure 2. Comparison of DRIFT spectra (top) and theoretical IR spectra obtained by static DFT calculations (bottom) for the CP (blue) and LP
(red) phases in the range of 600−1800 cm−1. Both theoretical spectra were blue-shifted with a scaling factor of 1.025 and received a Lorentzian line
shape with a FWHM of 10 cm−1. The spectral diﬀerences between the experimental CP and LP phases are indicated by capital letters.
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directions. The dipole moment was calculated with and without
an electric ﬁeld, and subsequently, the components of the
polarizability tensor were approximated by dividing the
diﬀerence of the resulting dipole moments by the intensity of
the electric ﬁeld. In this way, a Raman spectrum was obtained
with limited additional computational cost given the rather
short simulation time. In contrast, calculation of the Raman
spectra using a static DFT approach was exceedingly expensive
as this required determination of the derivatives of the
polarizability tensor with respect to all vibrational modes.55
4. RESULTS AND DISCUSSION
In this section, we will ﬁrst verify the correspondence between
the IR spectra of MIL-53(Al) obtained by static DFT
simulations and experiments in the mid-IR range. These results
test the ability of the DFT calculations to reproduce the
experimentally observed spectral diﬀerences between the CP
and LP phases, showcasing the validity of our computational
approach. Afterward, this approach is applied to study the far-
IR spectra of MIL-53(Al). We assign the IR-active modes of the
CP phase observed in the experiment with the help of our
theoretical results. Subsequently, the spectral diﬀerences of the
LP and NP-h phases with the CP phase are identiﬁed and
rationalized. Furthermore, the theoretical Raman spectra of the
CP and LP phases of MIL-53(Al) are determined by AIMD
simulations and compared with the experimental spectra.
Finally, we examine several low-frequency vibrations obtained
by static DFT simulations and identify whether there is a
correspondence with the breathing behavior in MIL-53(Al).
4.1. Comparison of the Mid-IR Spectra of MIL-53(Al)
CP and LP. Figure 2 compares the experimental DRIFT
spectra of the CP and LP phases of MIL-53(Al) in the range of
600−1800 cm−1 with the predicted static DFT results, which
are blue-shifted with a scaling factor in order to obtain the best
possible agreement with experiment. A quantitative measure for
this correspondence can be obtained by evaluation of the
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Here, f(σ) and g(σ) represent the intensities of the simulated
and experimental spectra at frequency σ. A similarity index of 0
means absolutely no correspondence between the two spectra,
while a similarity index of 1 indicates that the spectra are
identical. Using the optimal scaling factor and line shape for the
theoretical spectra, we calculated a similarity index as high as
0.86 for the CP phase and 0.84 for the LP phase (see section
S2.3 of the Supporting Information). We derived an optimal
scaling factor of 1.025, in agreement with earlier DFT
calculations using the PBE functional in which an optimal
scaling factor of approximately 1.03 was predicted.58−61
Although the correspondence after scaling generally improves
for the modes below 1700 cm−1, it deteriorates correspondence
with the C−H and O−H stretching modes located at higher
frequencies, as is common in the literature58 (see Figure S9 in
the Supporting Information).
From Figure 2 and the respective similarity indices, it is clear
that our simulations are able to predict the experimental
spectrum accurately. The DFT calculation allowed us to assign
vibrational modes to all peaks except for the two at around
1300 cm−1 (see Table S4 in the Supporting Information for
complete mode identiﬁcation). In general, we observe a good
match in the positions of the peaks. The relative intensities are
often well predicted, except for the symmetric (G) and
Figure 3. Illustration of the vibrational modes indicated in Figure 2. (A1) Symmetric stretch of the aluminum-oxide backbone. (A2) Antisymmetric
stretch of the aluminum-oxide backbone. (B) Out-of-plane vibration of hydrogen atoms on the aromatic ring (ν11). (C) Bend of the carboxyl group
+ bend of the aromatic ring. (D) Rocking of the hydroxyl group. (E) Bending of the aromatic ring + rocking of hydrogen atoms on the aromatic ring
(ν18a). (F) Stretch between the aromatic ring and carboxyl group + rocking of hydrogen atoms on the aromatic ring (ν18a). (G) Symmetric stretch
of the carboxyl group. (H) Stretch between the aromatic ring and carboxyl group + rocking of hydrogen atoms on the aromatic ring (ν19a). (I)
Antisymmetric stretch of the carboxyl group. Videos of these modes are available in the Supporting Information.
The Journal of Physical Chemistry C Article
DOI: 10.1021/acs.jpcc.7b11031
J. Phys. Chem. C 2018, 122, 2734−2746
2738
antisymmetric (I) stretching modes of the carboxyl group,
which are overestimated in our model, and the ν19a ring mode
(H), which is underestimated (see Figure 3 for a visualization
of the modes). This results partially from the single broadening
factor that we used, not accounting for the diﬀerent line widths
observed experimentally for diﬀerent modes. However, most
importantly, the spectral shifts between the CP and LP phases
as observed from DFT simulations coincide with the ones
observed from experiments, except for the mode that is
indicated with D. In Table 1, all spectral shifts noticed in the
DRIFT measurements are listed, along with their simulated
values. For frequencies higher than 750 cm−1 (B−I), the
magnitude of the shifts is rather limited and they do not change
the general shape of the spectrum. In contrast, a unique
vibrational ﬁngerprint is revealed at lower frequencies, which is
substantially diﬀerent in the CP and LP phase (labeled A). The
peaks that characterize this ﬁngerprint are assigned to the
symmetric (A1) and antisymmetric (A2) stretch modes of the
aluminum-oxide backbone (see Figure 3). Bourrelly et al.27
already employed the metal-oxide backbone stretching mode in
the chromium analogue to estimate the amount of large-pore
structure in the sample, but here we show that this major
change in the IR spectrum speciﬁcally originates from a large
blue shift of the antisymmetric stretch mode from the CP to the
LP phase. As this spectral feature is still in the range of most IR
spectrometers, it can be employed in routine measurements to
distinguish between the CP and LP phases even at low
resolutions. However, care should be taken when using this
ﬁngerprint in the presence of guest molecules as the aluminum-
oxide backbone stretching modes may overlap with the
vibrations of certain guest species, such as CO2.
In contrast to the large shift in the stretching modes of the
aluminum-oxide backbone, earlier investigations used the more
subtle shifts in the ν18a ring modes (E and F) (see Figure 3) to
determine the fraction of large-pore phase in the sample.14,31 In
our experimental spectrum of the LP phase, an additional low-
intensity peak in the region of mode E indicates that the
measured sample still contained traces of the CP phase.
Nevertheless, as clear from the lower pane of Figure 2, the
theoretical spectrum is able to predict the shifts of the ν18a ring
modes accurately. The only characterizing mode, listed in Table
1, for which the shift diﬀers is the δOH mode (D). Finally, we
Table 1. Experimental and Theoretical Frequencies (Static) of the Vibrational Modes Characteristic of the CP-to-LP Transition
Indicated in Figure 2 along with the Spectral Shifts between the Two Phases
experiment (cm−1) simulationb(cm−1)
vibrational mode assignationa CP LP ΔLP−CP CP LP ΔLP−CP
A1 νAlOAlsym 653 657 4 655 659 4
A2 νAlOAlas 671 680 9 672 686 14
B ωCH (ν11) 764 756 −8 755 750 −5
C δCCC + δCO2 847 851 4 847 851 4
D δOH 983 991 8 981 977 −4
E δCCC + δCH (ν18a) 1018 1026 8 1033 1038 5
F νCC + δCH (ν18a) 1160 1163 3 1176 1178 2
G νsymCO2 1415 1418 3 1407 1413 6
H νCC + δCH (ν19a) 1505 1509 4 1521 1523 2
I νasCO2 1589 1597 8 1581 1603 22
aWe used the following spectroscopic notation: ν = stretching, δ = bending or in-plane rocking, and ω = out-of-plane wagging. The abbrevations sym
and as stand for symmetric and antisymmetric, respectively. The nomenclature of ring modes is added between brackets where appropriate. bThe
values are multiplied by a scaling factor of 1.025.
Figure 4. Comparison of the far-IR spectrum (100−700 cm−1) of the CP phase of MIL-53(Al) obtained by FTIR spectroscopy using the single-
bounce diamond ATR device (top) and by static DFT calculations (bottom). The theoretical spectrum was blue-shifted with a scaling factor of 1.025
and received a Lorentzian line shape with a FWHM of 10 cm−1. The regions with the most IR-active vibrational modes are indicated.
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want to mention the general decrease in intensity of the peaks
from the CP to the LP phase observed in the measurements. A
possible explanation is the higher symmetry of the LP phase
structure, which reduces the change in dipole moment induced
by the modes leading to a smaller IR activity. This decrease is
not captured in our static DFT simulations.
In conclusion, the correspondence between the simulated
and experimental spectra of the CP and LP phases in the mid-
IR range conﬁrms the validity of our theoretical approach and
allowed us to uniquely characterize the aluminum-oxide
backbone stretching modes as a clear ﬁngerprint to distinguish
between the modes of the CP and LP phases of MIL-53(Al).
4.2. Far-IR Spectrum of the CP and LP Phases of MIL-
53(Al). 4.2.1. CP Phase. Besides DRIFT measurements, we
also performed ATR IR measurements on the CP phase of
MIL-53(Al), allowing us to obtain high-quality spectra in the
far-IR range down to 100 cm−1. Assigning the vibrational
modes based on tabulated data of functional group vibrations is
no longer possible in this region, revealing the importance of
our static DFT calculations, which proved to perform well in
the mid-IR range. In the literature, mode identiﬁcation was
performed before by Salazar et al. for modes with frequencies
above 400 cm−1.29 However, below 700 cm−1, their assignation
becomes unreliable as they were unable to identify the
aluminum-oxide backbone stretching modes correctly. From
Figure 4, we see that the resemblance of our model to the
experimental spectrum in the range of 100−700 cm−1 is
striking. This can also be concluded from the similarity index,
which yields 0.96 with an optimal scaling factor and line shape.
Between 300 and 700 cm−1, four diﬀerent regions of
vibrations appear (see Figure S11 in the Supporting
Information for visualization). Above 640 cm−1, we already
discussed the presence of stretching modes of the aluminum-
oxide backbone. Within the region of 520−620 cm−1, stretching
modes of the aluminum atom with the oxygen atoms of the
carboxyl group emerge. Between 400 and 500 cm−1, we ﬁnd in-
plane and out-of-plane movements of the ring structure (ν16b
ring mode) coupled with rocking of the aluminum atom,
inducing a bend in the metal-oxide backbone. The last
frequency region with intense peaks is observed within the
280−380 cm−1 range and mainly contains modes inducing
deformations of the metal-oxide backbone. Below 280 cm−1, we
distinguish between ﬁve IR-active modes, which are slightly red-
shifted by 20−40 cm−1 in the simulation when compared with
experiment. These modes are made up of combinations of
scissoring modes (δOCAlOC) and linker rocking mostly
coupled with δOH vibrations inducing a change in dipole
moment.
4.2.2. Comparison between the Simulated CP and LP
Phases. Our model proved to be very accurate in the mid-IR
range (similarity index of 0.84), and also, the simulated far-IR
spectrum of the CP phase showed excellent agreement with
experiment (similarity index of 0.96). Therefore, even though
the experimental far-IR data for the LP phase are missing, it is
interesting to inspect the diﬀerences with the CP phase
spectrum predicted by static DFT calculations. In Figure 5, we
compare the simulated far-IR spectrum of the LP phase with
the CP phase.
A ﬁrst remarkable diﬀerence between the two spectra is the
general blue shift of the vibrational frequencies in the LP phase
compared with the CP phase. This eﬀect was already slightly
visible for some functional group vibrations in the mid-IR
range, but it becomes much more pronounced in the far-IR
range. We believe that the lower frequencies in the CP phase
are a result of the stronger dispersion interactions in the denser
structure.20 This weakens the forces between neighboring
atoms, yielding lower covalent and ionic bond strengths.62,63
Besides the frequency shift, two IR-active modes arise in the
spectrum of the LP phase, which were not present in the CP
phase spectrum. These modes can be identiﬁed as bending
modes of the metal-oxide backbone. In the LP structure, these
bending modes are coupled with a δOH vibration, which makes
them IR-active. In the CP structure, the stronger hydrogen
bond interactions between opposite aluminum-oxide backbones
inhibit this coupling with δOH vibrations, and as a result, the
modes remain optically inactive (see Figure S12 in the
Supporting Information for visualization).
Above 300 cm−1, most of the modes appearing in the CP
phase have their counterparts in the LP phase. At lower
frequencies, this one-to-one correspondence between modes is
no longer present as these low-frequency modes correspond to
collective motions that may diﬀer between the CP and LP
Figure 5. Comparison of the theoretical far-IR spectrum (0−700 cm−1) of the CP and LP phases of MIL-53(Al). The spectra were blue-shifted with
a scaling factor of 1.025 and received a Lorentzian line shape with a FWHM of 10 cm−1.
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structures. In section 4.4, we speciﬁcally discuss those low-
frequency modes describing the breathing transition in MIL-
53(Al).
4.2.3. Comparison between the Experimental NP-h and
CP Phases. Under atmospheric conditions, MIL-53(Al) is
usually present in the NP-h phase. Therefore, it is important to
have a notion of its characterizing vibrational modes. As the
mid-IR spectrum has been reported numerous times,13,17,29 we
will restrict ourselves to a discussion of the IR spectrum in the
range of 100−700 cm−1. Experimentally, this spectrum was
obtained in transmittance mode. As mentioned in section 3 on
computational details, a theoretical IR spectrum was not
calculated. In Figure 6, we compare the experimental IR
spectrum of the NP-h phase with the one of the CP phase.
Above 500 cm−1, we observe important diﬀerences between
both spectra, caused by additional rocking modes of adsorbed
water molecules in the NP-h phase.29 Between 300 and 500
cm−1, these modes are not present and we recognize similar
bands in the NP-h phase spectrum as in the CP phase
spectrum. The most striking diﬀerence in this frequency range
Figure 6. Comparison of the experimental far-IR spectrum (100−700 cm−1) of the CP and NP-h phase of MIL-53(Al). The CP phase was recorded
with a single-bounce ATR device, while the NP-h phase was obtained in transmittance mode.
Figure 7. Comparison of the experimental (top) and theoretical (bottom) Raman spectra of the CP (blue) and LP (red) phases of MIL-53(Al) in
the range of 150−1800 cm−1. The theoretical Raman spectra were blue-shifted with a scaling factor of 1.035.
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is a red shift of one of the bands that represent a combination
of the in-plane and out-of-plane movement of the aromatic ring
with bending of the metal-oxide backbone. This shift may be
caused by hydrogen bonds weakening the forces coupled with
the in-plane movement of the aromatic ring. Below 300 cm−1,
the intensities of the bands in the NP-h phase spectrum are
much lower than those in the CP phase spectrum. One of the
reasons is the use of the transmission mode instead of the ATR
mode applied for the CP phase spectrum. The latter highlights
low-frequency modes. Another reason could be broadening of
the bands due to the presence of adsorbed water molecules.
Furthermore, the use of a pellet in transmission mode results in
an interference pattern, which becomes clearly visible below
130 cm−1.
4.3. Raman Spectrum of MIL-53(Al). To acquire a more
complete view of the vibrational modes of MIL-53(Al), we
supplemented our IR spectroscopy with Raman spectroscopy,
which results in active modes complementary to the IR
spectrum. Experimentally, we measured the Raman spectra of
the LP phase on the one hand and a mixture of the CP and LP
phase on the other hand. Measurement of the Raman spectrum
of the pure CP phase was not possible due to laser heating of
the sample. In Figure 7, the experimental results in the range of
150−1800 cm−1 are compared by the theoretical spectra of the
CP and LP phases obtained by AIMD simulations (see Figure
S10 in the Supporting Information for the Raman spectra in the
range of 2800−4000 cm−1). The simulated spectra are shifted
with a scaling factor of 1.035 (see section S2.3 in the
Supporting Information), which diﬀers from the scaling factor
used for the static simulations, mainly due to the use of a
diﬀerent basis set. Nevertheless, this scaling factor is still in
agreement with results found in the literature.58−61 We observe
that the experimental spectra look similar for wavenumbers
above 400 cm−1, except at around 1450 cm−1, where one of the
CO2 symmetric stretch peaks undergoes a shift upon transition
from the CP to the LP phase. This spectral diﬀerence was also
observed by Hamon et al.25 In the same frequency range, the
theoretical Raman spectra show satisfactory agreement with the
experimental results. All peaks observed in the measurements
do appear in the simulation, albeit with diﬀerent intensities.
Notably, the characterizing diﬀerence in the Raman spectra of
the CP and LP phases at around 1450 cm−1 is clearly captured
in the simulation. At wavenumbers lower than 300 cm−1, we
note more Raman-active peaks in the experimental spectrum of
the mixture of CP and LP phases than that in the pure LP
phase spectrum, indicating diﬀerences in collective vibrations.
This feature is also predicted by our AIMD simulation,
although it becomes increasingly diﬃcult to match the
theoretical Raman spectrum of the CP phase with experiment
at such low frequencies. This diﬃculty is related to the limited
simulation time for these expensive simulations, causing
insuﬃcient sampling of the low-frequency modes. To the best
of our knowledge, this is the ﬁrst time that experimental and
theoretical Raman spectra of MIL-53(Al) are reported in the
range of 150−4000 cm−1. The results obtained here are very
rewarding and open perspectives to simulate Raman spectra of
other complex nanostructured materials.
4.4. Collective Vibrations with Impact on the Breath-
ing Mechanism. From the preceding discussion, it is clear that
our static DFT simulations are very well suited to describe the
vibrational modes of the CP and LP phases of MIL-53(Al). We
pointed out speciﬁc ﬁngerprint modes that distinguish between
the spectra of the CP and LP phases in the mid-IR range, which
were related to shifts of the aluminum-oxide backbone stretch
modes (IR-active) and of one of the symmetric stretch modes
of the carboxyl group (Raman-active). In the far-IR range, the
spectra of both phases were more distinct, primarily in the low-
frequency region (below 300 cm−1). In this respect, the
collective vibrations, which aﬀect the lattice as a whole, are of
particular interest. These modes are predominantly located at
frequencies below 100 cm−1. The LP phase has 12 modes in
this frequency range, whereas we ﬁnd only 7 modes for the CP
phase, excluding the 3 modes of almost zero frequency
representing translations of the complete structure (see Tables
S5 and S6 in the Supporting Information). The deﬁcit of very
low frequency modes in the CP phase can be attributed to the
constrained movement, which shifts modes to higher
frequencies. In the following, we will discuss the modes that
are of importance for the breathing mechanism.
The lowest-frequency mode appearing in both the CP (11
cm−1) and LP (15 cm−1) phase concerns the opposite rotation
of neighboring metal-oxide backbones inducing a weak
trampoline motion of the organic linker (Figure 8a). This
mode is of minor importance for the CP-to-LP transition, but
in MIL-53(Sc), it is assumed to be the driving mechanism in
the transition of the CP phase to an even denser structure.64
At slightly higher frequencies, multiple modes are present
inducing rotation of the organic linker (Figure 8b). In the LP
phase, four of these modes can be observed. A single mode,
located at 47 cm−1, consists of a complete linker rotation
Figure 8. (a) Rotation of the metal-oxide backbone inducing a trampoline-like motion of the linker (11 cm−1 in CP phase, 15 cm−1 in LP phase). (b)
Linker rotation (69 cm−1 in CP phase, 54 cm−1 in LP phase). Videos of these modes are available in the Supporting Information.
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induced by alternating rotation of the octahedra on the metal-
oxide backbone. A triply degenerate mode, located at 54 cm−1,
gives rise to rotations of the aromatic ring only. In contrast, we
identiﬁed only a double-degenerate mode with linker rotations
below 100 cm−1 in the CP phase. In addition, the frequency of
the modes is blue-shifted to 69 cm−1. This shift was already
reported by Liu et al.15 and was assumed to result from the
constrained motion in the CP phase. This observation leads to
the speculation that linker rotations trigger breathing of the
structure. Moreover, Walker et al.20 argued that the larger
number of very low frequency modes associated with linker
rotations in the LP phase drives the CP-to-LP transition at
higher temperatures because of the increased entropy. The lack
of modes inducing linker rotations in the CP phase in the
frequency region below 100 cm−1 is compensated by a doubly
degenerate mode inducing linker rotation located at 151 cm−1,
again due to a heavily constrained motion.
Besides linker rotations, we discovered several other low-
frequency modes that give rise to enhanced π−π interactions
and, subsequently, can trigger breathing in MIL-53(Al). These
modes were found to be diﬀerent in the CP and LP phases. For
the LP phase, the ﬁrst two modes are located at 59 and 60 cm−1
and contain a trampoline-like motion of the organic linker
(Figure 9a). Although the trampoline mode itself does not
include changes in the unit cell volume because it represents a
normal mode with ﬁxed unit cell, it can be expected to be
related to volume-changing breathing modes as it brings the
organic linkers closer together. As a result, stronger π−π
interactions can be present between opposite linkers. These
interactions play a signiﬁcant role in the CP phase. At low
temperatures, they favor the presence of the CP phase over the
LP phase,20 and in MIL-53(Fe), they hinder the occurrence of
the LP phase even at higher temperatures.65 Therefore, we can
assume that the modes containing trampoline-like motions
trigger the LP-to-CP transition. Furthermore, at 181 cm−1, a
mode consisting of synchronous scissoring of the metal
octahedra inducing a seesaw motion of the organic linker was
identiﬁed (Figure 9b). Within this motion, the opposite linkers
tend to align, which again gives rise to increased π−π
interactions and a possible contraction of the pores.
As the linkers in the CP phase are already closely packed, the
trampoline-like motion is heavily constrained. As a conse-
quence, the modes containing trampoline-like motions are
shifted to higher wavenumbers compared to the LP phase. The
ﬁrst “breathing mode” in the CP phase is located at 123 cm−1
and consists of a trampoline-like motion of the linker in
combination with translation of the linker along the aluminum-
oxide backbone and rotation of the octahedra (Figure 10).
Other trampoline-like motions that are able to open the pore
are found at 138, 139, and 143 cm−1. These modes weaken the
strong π−π interactions and can lead to a transition to the LP
phase.
5. CONCLUSIONS
In this paper, we examined the phase transition in MIL-53(Al)
by a combination of experimental and computational vibra-
tional spectroscopy. Experimentally, we applied a variety of
techniques to record high-quality IR and Raman spectra of the
CP, NP-h, and LP phases of MIL-53(Al) in the mid- and far-IR
range. This revealed a unique vibrational ﬁngerprint in the IR
spectrum related to the stretching modes of the aluminum-
oxide backbone, which is very well suited to identify breathing
in the structure. Further insight into the breathing phenomen-
on was obtained by static and dynamic DFT calculations. We
Figure 9. Low-frequency vibrations of the LP phase possibly aﬀecting the breathing mechanism. (a) Trampoline-like motion of the linker (59 cm−1).
(b) Scissoring of the octahedra (181 cm−1). Videos of these modes are available in the Supporting Information.
Figure 10. Low-frequency vibration of the CP phase located at 123
cm−1 possibly aﬀecting the breathing mechanism. (a) View of the
diamond-shaped channel showing the trampoline-like motion of the
linker and the rotation of the octahedra. (b) View along the aluminum-
oxide backbone showing the translation of the linker. Videos of this
mode are available in the Supporting Information.
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performed static DFT simulations to determine the theoretical
IR spectra of the CP and LP phases of MIL-53(Al). These
calculations were able to correctly predict all but one of the
characterizing vibrational shifts of the CP-to-LP transition in
the mid-IR range, including the aluminum-oxide backbone
stretching modes. The almost one-to-one correspondence of
our static DFT calculations with the experimental spectrum in
the far-IR allowed for a detailed description of the IR-active
low-frequency modes, which is unprecedented for a material of
the MIL-53 family. Furthermore, we determined the theoretical
Raman spectra of the MIL-53(Al) CP and LP phases for the
ﬁrst time using ab initio molecular dynamics simulations and
obtained satisfactory agreement with the experimental spectra.
Finally, we highlighted several collective vibrations that may
trigger breathing in MIL-53(Al). Of particular interest are the
collective vibrations showing a trampoline-like deformation of
the linker as these increase π−π interactions, resulting in
contraction of the pore.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b11031.
Powder X-ray diﬀraction patterns, investigation of the
inﬂuence of dilution on the spectra, comparison of the
diﬀerent experimental techniques, computational and
experimental lattice parameters, comparison of DFPT
and Berry phase approach, quantiﬁcation of correspond-
ence of experimental and theoretical spectra, IR spectra
obtained by AIMD simulations, experimental and
theoretical IR and Raman spectra in the range of
2800−4000 cm−1, complete mode identiﬁcation, visual-
ization of IR-active modes, and description of low-
frequency vibrations in CP and LP phases (PDF)






Alexander E. J. Hoﬀman: 0000-0002-1529-4705
Jelle Wieme: 0000-0002-4841-2608
Sven M. J. Rogge: 0000-0003-4493-5708
Pascal Van Der Voort: 0000-0002-4874-0943
Veronique Van Speybroeck: 0000-0003-2206-178X
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
This work is supported by the Fund for Scientiﬁc Research
Flanders (FWO), the Research Board of the Ghent University
(BOF), and BELSPO in the frame of IAP/7/05. V.V.S.
acknowledges funding from the European Union’s Horizon
2020 research and innovation programme [consolidator ERC
Grant Agreement No. 647755 - DYNPOR (2015−2020)]. H.V.
acknowledges funding from the Hercules Foundation and the
Research Foundation - Flanders (FWO) [FT-IMAGER -
AUGE/13/16 and Project Grant No. G0048.13N]. Computa-
tional resources (Stevin Supercomputer Infrastructure) and
services were provided by Ghent University.
■ REFERENCES
(1) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. The
chemistry and applications of metal-organic frameworks. Science 2013,
341, 1230444.
(2) Kitagawa, S. Future porous materials. Acc. Chem. Res. 2017, 50,
514−516.
(3) Maurin, G.; Serre, C.; Cooper, A.; Feŕey, G. The new age of
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